ABSTRACT In this paper, we present a physics-based compact model for low frequency noise in high electron mobility transistors (HEMTs). The model is derived considering the physical mechanisms of carrier number fluctuation and mobility fluctuation in the channel. The model is tunable and hence applicable to a wide range of HEMT devices of different geometries and construction. The model is in excellent agreement with experimental data and TCAD simulations.
I. INTRODUCTION
AlGaAs/GaAs based High Electron Mobility Transistors are widely used in RF circuits while Gallium Nitiride based HEMTs have recently emerged as very promising candidates for high-power and high frequency applications due to their excellent material properties. One of the important property of these devices is low noise compared to MOSFET [1] , [2] . Advanced circuit design with these devices requires accurate compact models, specially for noise, considering their applications in low noise circuits. The compact models for these devices have evolved from empirical models [3] to threshold voltage-based models [4] and further to the recently reported surface-potential-based compact models [5] , [6] . Although [5] and [6] accurately describe the current and capacitance characteristics of the device in terms of the surface-potential, they do not include the flicker noise behavior of the device in terms of surface-potential. There are several reports on flicker noise characterization in literature [7] - [10] but little effort has been put in modeling. Earlier, Bonani et al. [11] , [12] demonstrated a CAD-oriented HEMT model using numerical charge control method; Laloue et al. [13] showed measurement based nonlinear distributed approach and Ziel et al. [14] used equivalent circuit approach for flicker noise modeling. Recently [15] presented black-box model approach for the same. Here, we present a surface-potential-based flicker noise model for HEMTs. Our model is derived considering the physical mechanisms of mobility fluctuation and carrier number fluctuation in the device. We have used a consistent solution of the Schrodinger's and Poisson's equations, considering the first two important energy levels [16] to calculate the bias dependance specifically for HEMTs. The model is in excellent agreement with TCAD simulations and measured data. This paper is arranged as follows. In Section II, we present the derivation of flicker noise model. In Section III, we present the model correlation with TCAD and experimental data. In Section IV, we conclude our paper.
II. FLICKER NOISE MODEL
The main problem in flicker noise modeling is that the cause of the phenomenon is not properly understood and still debated. It has been reasoned that the flicker noise is due to the fluctuation of the effective resistance (channel). This can be caused either by charge fluctuation and/or by mobility fluctuation. These two possibilities give rise to the two competing theories of carrier number fluctuation and mobility fluctuation respectively. The first states the fluctuation in the number of carriers in the channel as the cause [17] , while the second attributes the noise to mobility fluctuations due to carrier interaction with the lattice vibrations [18] . There exists models for MOSFETs that unify the two theories by correlating the two sources to get a unified low frequency noise model [19] . We have extended this approach to the case of HEMTs and come up with a model for flicker noise for the same.
Charge trapping in HEMT and their influence on device characteristics are complicated and has been under investigation by several groups [7] , [10] , [17] , [20] - [23] . Assuming probability of tunneling of an electron to a trap site decreases exponentially with the distance of the trap from the channel, we get power spectral density (PSD) of the mean square fluctuations in number of occupied traps as [24] , [25] S N (f ) = N t kT N P t f EF (1) where N t is the concentration of traps (in cm −2 ), k is the Botlzman constant and T denotes the temperature in Kelvin.
The N P t factor comes from tunneling probability and EF is a modeling parameter. The drain current noise PSD is then given by
Denoting the 2DEG charge in the channel as Q, we can write the fluctuation in the carrier density caused by the fluctuation in the trapped electron density as
R varies with applied biases and the calculation of the exact expression for R is shown in the appendix. The drain current I DS is given as [5] 
The + or − sign depends on whether a trap is neutral or charged when filled, which will increase or decrease mobility.
By including the dependence of mobility on the occupied trap density, we have incorporated the mobility fluctuations in our unified low frequency noise model. Therefore, we can get the accurate noise PSD from (7) where
However, from a compact modeling point of view, it is very important that the model be robust and efficient computationally and tunable for a wide range of devices. For this, the
3 are parameters which can be used to tune the model for different HEMT device technologies. Here, we have assumed R to be a constant to make the model derivation simpler. The 2DEG charge (-Q) is given by C g (V go − ψ), where C g is the gate capacitance and V go = V g − V off . Also from [16] ,
where
and V th is the thermal voltage. Using (10) we can write the noise PSD as (8) , where
Eq. (8) can be easily integrated to get the total noise PSD (S if ) given by (9) , where −Q d and −Q s represent the charge densities at the drain and source ends, respectively.
III. RESULTS AND DISCUSSION
The noise PSD is plotted as a function of frequency and bias voltages, and is compared with the data obtained from TCAD simulations as well as measurement. Values used for relevant parameters are given in Table I .
A. VALIDATION WITH TCAD
A TCAD device with L G = 0.5μm and gate-drain and gatesource lengths of 1μm each was used for the simulation as shown in Fig. 1 .
It is known that due to the trapping/de-trapping process, each trap gives rise to a Lorentzian spectrum of form [19] f α characteristic similar to what is observed in MOSFETs. As a result, the frequency dependent part of the model is quite similar to that of MOSFETs.
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DS
). This can be seen in the variation of the normalised drain current noise PSD with gate bias as shown in Fig. 3 , which illustrates the excellent matching between the TCAD data and the proposed model.
B. VALIDATION WITH EXPERIMENTAL DATA
Since TCAD only takes the Hooge model into account, and is not very accurate, we have also validated the model with real measured data from both GaN and GaAs devices. The comparison of the model and the measured flicker noise for a 0.7μm GaN device [8] is shown in Fig. 4 . The increasing trend of the flicker noise with increasing gate voltage is clearly shown in Fig. 5 . The figure uses measured data from an 1μm × 50μm GaN/Al 0.15 Ga 0.85 N device [9] which matches well with our model.
The frequency dependance of the noise PSD for our model match very well with the measurement from a 0.13μm × 0.93μm GaAs HEMT [26] as is shown in Fig. 6. Fig. 7 shows the variation of the normalised drain current noise PSD with gate bias for measured data from a 1.7μm AlGaAs/InGaAs device [7] and the corresponding match using our proposed model. BSIM models. 1 , which deals with the carrier number fluctuation, affects the region of gate bias just above V off , 2 modulates the overall noise PSD level and 3 , which predominantly affects the mobility fluctuation part, dominates for high gate bias. The model shows excellent agreement with TCAD simulations and measured flicker noise data from GaAs and GaN HEMTs. The developed model extends our previous work of surface-potential-based drain current and charge model in these devices to make it a more complete surface-potential-based compact model for HEMTs.
APPENDIX
CALCULATION OF R [27] : Along the vertical direction, under gradual channel approximation, we can write Taking the derivative with respect to the surface potential, we can rewrite (12) as
Also,
Charge neutrality states that −Q = Q G , where Q G is the gate charge. Let |Q| = |Q G | = Q 0 . Therefore, the total voltage V is equal to Q 0 C eff . Let Q 0 charge be trapped at a distance x from the top. Assuming large W and L compared to the depth of the 2DEG layer from the gate (= d), we can write
where 1 is the effective permittivity for the region between the gate and x, while 2 is the effective permittivity for the region between x and d. For a simplistic device where there is a single material layer between the gate and the 2DEG, neglecting the centroid shift, we can write 1 = 2 = .
Using (15),
Substituting (16) and (13) in (14),
If the electron concentration in the traps is n, and if there is a fluctuation n,
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Thus, R can be given from (17) as
∂Q ∂ψ (19) 
